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Abstract 
The primary objective of this study is to evaluate possible ventilation solutions for nZEB multi apartment buildings in three 
European geoclusters. Geo-cluster concept illustrates trans-national areas where strong similarities are found in terms of climate, 
culture, construction typologies and other factors. Paper presents comparison of ventilation needs for the same case study building 
located in Denmark, Estonia, Latvia and Portugal. The economic and technical comparison of different ventilation systems are 
presented as well. Special focus is attended to develop introduction of modular solutions and integration of ventilation ducts into 
external insulation as this can serve as a complex solution including both external constructions and engineering networks. 
Presented modular solution includes prefabricated insulation panels with integrated ventilation ducts.  This paper is prepared in 
scope of work done within EU HORIZON2020 MORE-CONNECT project. Research methodology is based on data analysis 
provided by project partners as well as practical calculation. Compilation of ventilation air volume requirements according to the 
local regulations for Latvia, Estonia, Portugal and Denmark has shown significant difference in design air change rate in project 
countries. The financial analysis reveals the price difference between various ventilation strategies and provides discussion topic 
regarding ventilation strategies in nZEB buildings. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Mechanical ventilation with heat recovery system is a must in modern energy efficient building. For example in 
Latvia building can get nZEB status only in case of exhaust heat recovery with minimal efficiency 75%  [1]. However, 
in cold climates heat recovery is necessary only during the heating season. In o ther periods, operation of mechanical 
exhaust is sufficient to ensure necessary air exchange without extra energy for mechanical fan operation while in cases 
when building is mechanically cooled the air heat exchanger must be operated yearly. Also it must be noted that the 
installation of fully mechanical supply/exhaust ventilation system increases electricity consumption by 11 kWh/m² for 
typical multi apartment building. This leads to necessity to carefully choose the appropriate ventilation system type to 
maximize energy savings while providing good indoor air quality. Investigation have shown that in apartment 
buildings with natural passive stack ventilation, the indoor air quality changes greatly. For example measurements of 
indoor air quality done in bedrooms of different apartments  in Latvia without mechanical ventilation have shown that 
CO2 level varies from 1200 ppm to 4200 ppm, the latter being quite critical. Similar data on IAQ problems in mult i 
apartment buildings, shows research [3] done in Estonia. 
The exact choice of ventilation systems is dependent on the location of the building therefore geo-cluster concept 
is introduced as it illustrates trans -national areas where strong similarities are found in terms of climate, culture, 
construction typologies and other factors. Usually five to seven Geo-clusters are defined - Northern, Continental 
Northern East, Continental Centre, Mediterranean and Western Central. During this paper the focus will be on GC 1 
represented by Denmark, GC2 represented by Estonia and Latvia and GC4 represented by Portugal. The on-going EU 
H2020 project MORE-CONNECT project is dealing with development of technologies and components for 
prefabricated modular renovation elements, including the prefabricated integration of multifunctional components  [4]. 
This project geo-clusters are shown in Figure 1. 
Fig. 1. EU H2020 MORE-CONNECT project geo-cluster 
2. Methodology 
The methodology to compare the economic aspects of various ventilation types  is based on following steps: 
x Determining the necessary ventilation air volumes in case of each country ; 
x Designing most common ventilation system types for an apartment; 
x Estimating construction costs of ventilation system installing ; 
x Calculating and comparing the life cycle costs of each ventilation system including maintenance, necessary  
electrical energy and necessary energy for heating; 
x Estimating practical solutions for integration of ventilation systems elements into limited technical space 
available in exiting postwar multi apartment buildings; 
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To compare the actual necessary ventilation air volumes from country to country a case building has been chosen 
which represents a five story apartment building which are common in many countries and due to the large number of 
them provide a good opportunity for renovation. The building type is a multi-apartment and the ceiling height should 
be assumed to be 2.5 m. There are two types of apartments. Most of them are with one bedroom but one in each 
staircase has two bedroom flat. The ventilation volume must be calculated for each of these situations. 
The supply should be organized in the bedrooms and living rooms while the exhaust in WC, bathrooms and 
kitchens. The entrance areas are determined to be ventilated with the transfer air of exhaust air. The ventilation air 
must be rounded up to the nearest 5 m3/h. Afterwards ventilation air volume for whole building section must be 
estimated. It involves multiplying the calculated ventilation air volume of one apartment  with the number of apartments 
located in one buildings section (staircase) and with the number of stories, in this case five. This will give the design 
ventilation volume for one AHU as it would be possible to divide building into sections regarding staircases. 
  
 
   a)     b) 
Fig. 2. (a) Plan of 1-room apartment of case building; (b) Plan of whole staircase section of case study building 
 
3. Ventilation system calculations 
The first objective is to obtain the data regarding the ventilation air volumes that  are regulated according to local 
norms for each of the country, as these volumes must be provided independently of chosen ventilation strategy. The 
compiled data is shown in Table 1. 
Table 1. Necessary residential ventilation airflow rates according to local regulations 
Room type Unit  
Geo-clusters and countries* 
GC1 GC2 GC2 GC4 
Denmark Estonia Latvia Portugal 
Toilet m3/h 36 36 25 30 to 60 
Bathroom with toilet m3/h 54 54 50 45 to 90 
Staircases m3/(h·m2) 1.08 1.25 1 n/a 
Bedroom m3/(h·m2) 1.08 12 l/s (8 l/s in <11m2 bedroom) 3 Dependent on room size. Approximate value is 1h-1 
Kitchen m3/h 72 30 (22 for 1 room apartment )** 60-90 60 to 120 
Hallway h-1 0.5 - 0.5 - 1 n/a 
Technical room h-1 0.5 0.5 0.5 - 1 - 
Total supply air m3/(h·m2) 1.08 1.5 - The sum of the supply air of all bedrooms and living rooms 
* the data was provided by MORE-CONNECT project partners. Please check project web-page www.more-cennect.eu for information about 
project partners. 
 
The next step involves calculating exact air volume for case study build for each of the involved countries. The air 
volumes are determined for each separate room as well as for whole apartment and building. This is necessary for 
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further design phase as depending on specific ventilation strategy different  solution must be applied, for example 
sizing of diffusers, valves, AHUs. The obtained results are provided in Table 2 to Table 5.  
Table 2. Calculated ventilation air volumes for Latvian case study building 
Room nr. Room type Supply air (m3/h) Exhaust air (m3/h) 
1 Bedroom 55 (90 for 2-room apartment) - 
2 Kitchen - 90 
3 Bathroom - 50 
4 Storage - - 
Total for an apartment (m3/h) 55 (90) 140 
Total for whole building (m3/h) 6 · 5 · 140 = 4200 
Table 3. Calculated ventilation air volumes for Estonian case study building 
Room nr. Room type Supply air (m3/h) Exhaust air (m3/h) 
1 Bedroom 86* - 
2 Kitchen - 22 (30 for 2-room apartment) 
3 Bathroom - 54 
4 Storage - 10 
Total for an apartment (m3/h) 86* 86* 
Total for whole building (m3/h) (5 · 86 + 119) · 5=2745 
*Minimum supply air calculated based on bedrooms supply air requirements is 43 m 3/h (12 l/s); minimum supply air calculated based on total is 
change rate requirements is 50 m3/h (14 l/s=0.42 · 33.7). 
Table 4. Calculated ventilation air volumes for Denmark case study building 
Room nr. Room type Supply air (m3/h) Exhaust air (m3/h) 
1 Bedroom 20  
2 Kitchen - 72 - VAV 
3 Bathroom - 54 - VAV 
4 Storage - - 
Total for an apartment (m3/h) 40 (50)* 40 (50)* 
Total for whole building (m3/h) (5 · 40 + 50) · 5 = 1250 
*Minimum supply air calculated based on minimal necessary air exchange rate requirements which are 0.3 l/s/m 2 (40 m3/h for 33.4 m2 
apartment, and 50 m3/h for 47.2 m2 apartment). 
Table 5. Calculated ventilation air volumes for Portugal case study building 
Room nr. Room type Supply air (m3/h) Exhaust air (m3/h) 
1 Bedroom 60 (90 for 2-room apartment) - 
2 Kitchen - 90 
3 Bathroom - 45 
4 Storage - - 
Total for an apartment (m3/h) 60 (90) 135 
Total for whole building (m3/h) 6 · 5 · 135 = 4050 
 
As the above results shows the necessary ventilation air volumes strongly vary from country to country. The highest 
demand for ventilation according to local regulations is in case of Latvia – 4200 m3/h for whole building, while the 
lowest one is for Denmark – 1250 m3/h. However it must be noted that the results could differ in other cases depending 
on the planning of apartments due to different relations between room areas. 
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4. Results of economic analysis of ventilation systems 
To prepare the cost analysis between the most common ventilation system types they all were fully designed for 
an apartment. The analyzed ventilation types  included – natural ventilation by openable windows and natural exhaust, 
natural ventilation by having inlet valves and natural exhaust, hybrid type ventilation by having inlet devices in walls  
and mechanical exhaust, hybrid type ventilation by having inlet devices in walls and mechanical exhaust , decentralized  
mechanical supply and exhaust with heat recovery (room based heat recovery), decentralized mechanical supply and 
exhaust with heat recovery (apartment based heat recovery), centralized mechanical supply and exhaust with heat 
recovery. Examples of two of most commonly used ventilation system for new and renovated buildings are provided 
in Fig. 3. For each of the designs specification with prices was prepared. The final cost for each system was increased 
by 10 to 30% depending on the complexity to account for work prices and additional elements like fittings and 
supports. Table 6 represents material costs per apartment for installation of hybrid type ventilation system with supply 
through air inlets and mechanical exhaust. Such cost analysis were done for all system types/ 
Table 6. Specification of hybrid type ventilation system with supply through air inlets and mechanical exhaust  
Name Size Units Quantity Price in EU for one unit (EUR)* 
Supply vents Ø160 mm Pcs. 2 120.00 
Domestic type extract fan Ø100 mm Pcs. 1 70.00 
Domestic type extract fan Ø200 mm Pcs. 1 90.00 
Duct Ø125 mm m 2 1.20 
Duct Ø100 mm m 3 0.90 
Total cost with 30 % added 525.00 
* prices are taken based on average of various commonly known manufacture data which offers similar price strategy in analyzed project 
areas 
 
 
 
Fig. 3. (a) Ventilation system with supply through air inlets and mechanical exhaust ; (b) Decentralized ventilation with apartment based 
mechanical supply and exhaust  
Presented systems sizing was done based on ventilation system aerodynamic calculations taking into account 
friction losses and recommended air velocity in the ducts. 
290   Jurgis Zemitis et al. /  Energy Procedia  96 ( 2016 )  285 – 293 
 
The cost comparison is done for the previously described case study buildings one staircase (6 apartments; 5 stories). 
Table 7. Comparison of installation and running costs of various ventilation systems for Latvian case study 
Type of ventilation system Installation costs
1) 
(EUR) 
Maintenance costs2) 
(EUR) 
Heating costs3) 
(EUR) 
Powering 
costs4) 
(EUR) 
Total Yearly 
costs 
(EUR) 
Natural by opening windows and 
natural exhaust  1800 - 8390 - 8386 
Natural by having inlet valves and 
natural exhaust  11 100 
300 
(10 per apartment) 8390 - 8686 
Hybrid by having inlet devices in 
walls and mechanical exhaust 
15 750 450 
(15 per apartment) 
8390 640 9478 
Decentralized mechanical supply 
and exhaust with heat recovery 
(room based heat recovery) 
68 400 750 (25 per apartment) 
1680 
(heat recovery 
efficiency 0,80) 
1285 3712 
Decentralized mechanical supply 
and exhaust with heat recovery 
(apartment based heat recovery) 
87 000 1050 (35 per apartment) 
1260 
(heat recovery 
efficiency 0,85) 
960 
(SFP 1.0) 3268 
Centralized mechanical supply and 
exhaust with heat recovery 16 760 250 
1680 
(heat recovery 
efficiency 0,80) 
1150 
(SFP 1.2) 3080 
1) Cost of installing all the necessary equipment; 
2) Yearly maintenance cost for all necessary equipment for whole staircase section; 
3) Cost of heating supply air for one heating season assuming the average heating season outside temperature according to local regulations (203 
days for Latvia, indoor temperature +22,0°C, assuming the heating occurs by district heating system with following costs: for Latvia: 55.55 
EUR/MWh; for Estonia: 65 EUR/MWh; 
4) Yearly cost of all energy necessary to power the ventilation devices for whole staircase apartment assuming that they are powered by electricity 
with the cost of 0.169 EUR/kWh for Latvia; 0.15 EUR/kWh for Estonia; 
Table 8. Comparison of installation and running costs of various ventilation systems for Estonian case study for whole building 
Type of ventilation system 
Installation 
costs 
(EUR) 
Maintenance costs 
(EUR) 
Heating costs 
(EUR) 
Powering costs 
(EUR) 
Total Yearly 
costs 
(EUR) 
Natural by opening windows 
and natural exhaust - - 20 220 - 20 220 
Natural by having inlet valves 
and natural exhaust 20 000 - 20 220 - 20 220 
Hybrid by having inlet devices 
in walls and mechanical exhaust 
40 000 - 13 500 2100 (SPF1.0) 15 600 
Hybrid by having inlet devices 
in walls (behind radiators) and 
mechanical exhaust with heat 
pump heat recovery 
160 000 250 10 100 
10 200 
(SFP 1.2 + 
electricity 
demand of the 
heat pump) 
20 550 
Decentralized mechanical 
supply and exhaust with heat 
recovery (room based heat 
recovery) 
176 000 750 (25 per apartment) 
8000 
(heat recovery 
efficiency 0,40) 
2900  
(per apartment; 
SFP1,4) 
11 650 
Decentralized mechanical 
supply and exhaust with heat 
recovery (apartment based heat 
recovery) 
240 000 1 500 (50 per apartment) 
3600 
(heat recovery 
efficiency 0,75) 
3300 
(SFP 1.6 
Per apartment) 
8 400 
Centralized mechanical supply 
and exhaust with heat recovery 216 000 250 
3600 
(heat recovery 
efficiency 0,75) 
4100 (SFP2.0) 4260 
 
 Jurgis Zemitis et al. /  Energy Procedia  96 ( 2016 )  285 – 293 291
5. Integrated duct design 
The main challenge for introduction of mechanical supply and mechanical exhaust ventilation  in postwar mult i 
apartment buildings is limited area of technical spaces and shafts. Therefore, it is vitally important to determine the 
precise ventilation duct sizes and seek optimization for their placement. While the necessary air exchange rate could 
be easily estimated according to local norms, the duct dimensioning is under HVAC engineer’s  responsibility. The 
most realistic duct placement is outside existing building envelope in additional thermal insulat ion layer. Such solution 
doesn’t require extra indoor space and can be installed with  a minimal internal construction works. However it should 
be mentioned, that even in such case duct maximal size is limited by thickness of thermal insulation layer.  
To determine the optimal duct size and shape it is assumed that the air velocity in the ducts that are placed in the 
modular elements should be in range of 3 to 6 m/s. Higher values could lead to noise problems, while lowering it 
means that the duct sizes need to be larger and therefore the insulation thickness is reduced. 
The optimal shape for ventilation air ducts is round due to the aerodynamic properties. In table below it is calculated 
what the duct sizes should be to provide the necessary air volume for the apartments with limited velocity of 3; 4 and 
6 m/s. The standard size increments (100mm; 125 mm; 160 mm, 200 mm, 250 mm, 315 mm, 400 mm, …) of ducts 
are used. It is also possible to make the supply duct in rectangular shape to decrease the thickness. At the same time 
the relation between sides of rectangular shaped duct should not exceed 4:1. 
Two different approaches of supply air duct design are evaluated. The first approach is when each apartment has a 
separate duct, which is coming from the main branch near the AHU (Fig. 4.a). The second approach is with one main  
raiser that gradually decreases in size starting from top to bottom floor (Fig.4.b). 
 
 
Fig. 4. (a) Case of separate ventilation duct risers to each apartment ; (b) Case of one main ventilation duct riser for apartment section 
In case when a separate duct is lead to each of the apartments the size of each duct can be smaller, which is important  
as the thickness of insulation, where it is possible to place the ducts is limited. However, in this case more ducts are 
necessary and they take up more horizontal space by the facade if compared to single riser situation. The necessary 
riser duct diameter in case separate ducts for each apartment for all of each country is given in the table below. 
Table 9. Necessary diameters of ducts in case of separate ducts (raiser) to each apartment 
Velocity in ducts 
Round duct size, mm 
Latvia 
(140 m3/h) 
Estonia 
(119 m3/h) 
Denmark 
(50 m3/h) 
Portugal 
(135 m3/h) 
<3 m/s 160 125 100 160 
< 4m/s 125 125 100 125 
< 6m/s 100 100 100 100 
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If a solution of one main riser for a section of apartments is chosen then the duct size must be much larger. In the 
case study building it was assumed that a total number of five apartments must be ventilated through one duct as there 
are five story’s. The calculated riser size at the highest point to provide the necessary ventilation air volume is given 
in the table below. 
Table 10. Necessary diameter of largest air duct in case of one main riser 
Velocity in ducts 
Round duct size, mm 
Latvia 
(700 m3/h) 
Estonia 
(595 m3/h) 
Denmark 
(250 m3/h) 
Portugal 
(675 m3/h) 
<3 m/s 315 315 200 315 
< 4m/s 250 250 160 250 
< 6m/s 250 200 125 200 
 
One of the major challenges and benefits, at the same time, while performing modular renovation, is connected 
with ventilation. As the building after renovation needs mechanical ventilation system it is important to find the best 
solution of duct placement. As only mechanical ventilation systems can ensure rational use of exhaust heat and 
provides lowest energy consumption results  they are a natural solution for renovated buildings . This means that there 
should be some air ducts to provide the air to apartments. 
Possible solution for this would be to put the ducts inside the modular panel, as they are prefabricated and therefore 
can ensure accurate installation whit minimal time consumption. However, by placing the ducts inside the insulation 
part of external envelope the U-value is reduced, this means that the ducts should not be too large or the insulation 
layer must be sufficient. At the same time knowing that the ventilation ducts are outside the building envelope the 
allowed air velocity in them could be increased compared to situation when they are placed inside the rooms. Also the 
air flowing through the ducts is preheated at the AHU and therefore the theoretical heat loses through building 
envelope are non-existent as there is no temperature gradient between inside and outside, however it means that the 
air for ventilation must be heated more due to cooling which would occur in the system. 
 
 
Fig. 5. Integration of ducts into prefabricated panel (approx. thermal transmittance is 0.18 W/(m2·K)) 
As it can be seen, in case of separate ventilation duct risers to each apartment, ducts can be easily integrated into 
prefabricated panel with thickness of 200mm. Such heat insulation thickness ensures approximate thermal 
transmittance of 0,18W/(m2·K). A detailed research on integration of ducts into prefabricated facades was done in 
scope of international research project “TES Energy Facade” [6, 7]. The results have proved efficiency and 
sustainability of duct integration.  
6. Discussion 
The gathered data on normative air exchange rate have shown significant difference in local regulations in project 
countries. This difference can be explained by different interpretation of minimal and maximal ventilation rates as 
well as definition of ventilated spaces. 
Comparing the installation cost of different ventilation systems for case study building it can be conclude that the 
cheapest solutions, of course, are the ones that ensure the least amount of automation and control and with this also 
the worst indoor climate. For example, the natural ventilation just by having exhaust grills in the walls and shafts to 
roof would cost around 2000 EUR per apartment. If inlet valves are added for more ventilation volume and higher 
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comfort level than they would cost around 10 to 20 thousand EUR per apartment, depending on the country. By further 
improving ventilation system by adding mechanical ventilators for exhaust, the prices would rise to 15-40 thousand 
EUR. The next step is to introduce mechanical supply-exhaust ventilation with heat recovery, which decreases the 
necessary heating power for ventilation air. If decentralized room type ventilation is used than the estimated instillation 
price would vary between 70 and 160 thousand EUR depending on the chosen elements. Howeve r, the yearly energy 
cost would be reduced by about 6000 EUR per apartment per year. If an apartment based ventilation system is designed 
with an AHU for each flat than it would cost around 90 to 240 thousand EUR. The most economically feasible choice 
would be to use building based ventilation system with one or more centralized, larger AHUs. In this case the cost 
would be reduced by spreading it evenly through all the flats and also the maintenance would be lower due to need to 
only take care of one or two units compared to 30 if each apartment has separate AHU. Despite all this, it must be 
strongly noted that to make the final decision when choosing ventilation type not only economical factor must be 
accounted for. The most important task of the ventilation system is to provide good indoor climate even if it means 
larger investments during construction phase. This means that an additional factor must be introduced to account for 
this. 
7. Conclusions 
Compilation of ventilation air volume requirements according to local regulations for Latvia, Estonia, Portugal and 
Denmark has been made. The results for case study building showed that the design ventilation air volume between 
these countries can vary up to four timed form. The highest demand for ventilation according to local regulations is 
in case of Latvia – 4200 m3/h for whole building, while the lowest one is for Denmark – 1250 m3/h. 
Cost analysis of various ventilation strategies for case building has been provided. The results suggests that building 
based centralized mechanical supply and exhaust with heat recovery  is notably more economically feasible compared  
to apartment based mechanical ventilation system. The installation costs for such system is 30 to 70 thousand Euros 
cheaper and also would ensure lower electricity and heating energy consumptions. 
The modular retrofitting of buildings provide good opportunity to place the ventilation ducts in the external 
insulation during manufacturing time therefore ensuring higher building quality and speed. In cases  when centralized  
AHU is designed the ducts must reach each of the apartments and the insulation thickness serves as limiting factor 
therefore separate ducts are better solution due to smaller duct sizes. 
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